Scintillation Proximity Assay
Briefly, for saturation binding, 0.5 μg/ml of purified LeuT was mixed with 0.125 mg/ml YSi-Cu His-Tag SPA beads (PerkinElmer) and varying concentrations of [ 
Hydrogen/Deuterium Exchange of Detergent-Solubilized LeuT
To obtain the Na + and Cs + states, purified LeuT was dialyzed overnight using 0. concentration. For this reason, NaCl was manually added to the purified LeuT stock to a final concentration of 200 mM, whereas leucine was present in the deuterated buffer. The leucine concentration during the labeling reaction was 1 μM, which resulted in approximately 60% transporter occupancy. Note that LeuT was not equilibrated with the substrate leucine prior to the labeling reaction. Second, we prepared samples, in which
LeuT was equilibrated with a 3-fold molar excess of leucine prior to deuteration. Thereby, NaCl and leucine were manually added to the purified LeuT stock to a final concentration of 200 mM and 50 μM, respectively, which resulted in >99% transporter occupancy.
Reconstitution of LeuT into Phospholipid-Containing Bilayer Nanodiscs
Preparation of phospholipids and nanodisc assembly were performed in a similar manner as described previously. The phospholipids 1-palmitoyl-2-oleoyphosphatidylcholine (POPC) (Avanti Polar Lipids) and 1-palmitoyl-2-oleyl-sn-glycero-3-phosphoracglycerol (POPG) (Avanti Polar Lipids) were prepared in chloroform and mixed in a 3:2 molar ratio. Chloroform was evaporated under nitrogen gas for 1 h and residual solvent removed by overnight incubation under vacuum. The thin lipid film was resuspended in buffer containing 10 mM Tris-HCl, pH 7.5, 100 mM choline chloride (ChCl), and 80 mM sodium cholate to a final lipid concentration of 50 mM.
LeuT, MSP, lipids, and DDM detergent were mixed in a molar ratio of 0.1:1:80:240, respectively, and incubated on ice for 1 h. Detergent was removed by addition of 80% (w/v) Biobeads (Bio-Rad SM-2 Resin) and left for 1 h on ice prior to overnight incubation at 4 °C. Loaded nanodiscs were separated from empty nanodiscs by nickel affinity chromatography and eluted in buffer containing 20 mM Tris-HCl, pH 8.0, 200 mM KCl, and 300 mM imidazole. Loaded nanodiscs were subsequently subjected to size-exclusion chromatography using a Superdex 200 10/300 GL column (GE Healthcare) pre-equilibrated with 20 mM Tris-HCl, pH 7.50, and 100 mM ChCl.
Hydrogen/Deuterium Exchange of LeuT Reconstituted into Nanodiscs
Samples of LeuT reconstituted into nanodiscs were buffer exchanged into buffer containing 20 mM Tris-HCl, pH 8.0, and 200 mM KCl. HDX was initiated by diluting LeuT 10-fold in a matching deuterated buffer and the samples labeled at 25 °C for various time intervals (i.e., 0.25-60 min). A total of 43 µl of ice-cold quench solution (0.5% formic acid and 6 M urea) was added to 50 µl of sample solution at the indicated time-points to lower pH to 2.5 and thus inhibit the isotopic exchange reaction. The quenched protein samples were kept on ice for the following sample preparation to minimize back-exchange. The nanodiscs were disassembled by adding an ice-cold stock solution of sodium cholate to reach a sodium cholate:lipid ratio of 25:1, respectively.
Subsequently, approximately 1 µg LeuT was subjected to offline proteolysis at pH 2.5 for 2 min on ice by adding 6 µg porcine pepsin. In the last minute of proteolysis, the quenched sample was transferred into a cooled spin filter (Costar Spin-X® 2 mL centrifuge tube filter 0.45 µm cellulose acetate) containing 3 mg zirconia-coated silica particles (HybridSPE®-Phospholipid cartridge, Supelco). The quenched sample was centrifuged at 0 °C and 3000 g for 1 min and the flow through collected. Finally, quenched protein samples were immediately frozen and stored at -80 °C until further use.
Liquid Chromatography
Peptic peptides were trapped on a C18 column (ACQUITY UPLC BEH C18 1.7 µm VanGuard column Waters, Milford, USA) and the sample efficiently desalted for 3 min with mobile phase A (0.23% (v/v) formic acid, pH 2.5) at a constant flow rate of 200 μl/min. Peptides were gradually eluted by applying a 9 min linear gradient at a 40 μl/min flow rate and increasing concentrations (8% -50% (v/v)) of mobile phase B (acetonitrile, 0.23%
(v/v) formic acid). Chromatographic separation was accomplished by using a C18 guard column (ACQUITY UPLC BEH C18 1.7 µm VanGuard column Waters, Milford, USA) and a C18 analytical column (ACQUITY UPLC BEH C18
1.7 µm, 1x100 mm column Waters, Milford, USA).
Mass Spectrometry
All HDX-MS data was obtained using the sample preparation workflows described above and in the main body of the manuscript, however data presented in Fig. 5A was obtained employing a more sensitive Synapt G2-Si mass spectrometer as opposed to the Synapt G2 mass spectrometer used in all other experiments. Thus, while the two datasets shown in Fig. 5A and 5B can be compared qualitatively (i.e., in terms of comparing regions of the LeuT backbone, in which Cs + and K + induces changes in HDX), the relative magnitudes in ∆HDX might differ due to differences in the MS setup and thus a direct comparison of ∆HDX values between Fig. 5A and 5B should be avoided.
HDX Data Analysis
To determine the number of backbone amide hydrogens undergoing correlated exchange (#NHs), we first calculated the difference in HDX between the low-and high-mass population (∆HDX, n=3) and corrected this value according to the measured back-exchange (BE, defined in Materials and Methods) of the respective peptide by using the following equation
To approximate critical kinetic measures (i.e., kop and the half-life of the folded state) for individual unfolding events in LeuT, we first determined the relative abundance of the two isotopic envelopes for a given peptide using HX-Express 2.0. We subsequently plotted the relative abundance of the low-mass population (n=3) against labeling time (i.e., 0.25-60 min) based on HDX data for LeuT in K + reference state. Finally, the GraphPad Prism 6 software was used to fit the individual data-points to the following exponential decay function
in order to obtain the best-fit values for the kinetic parameters. HDX results were mapped onto the LeuT crystal structure (pdb 2A65) using Pymol (http://pymol.sourceforge.net/). by comparing for each peptide the measured relative deuterium uptake with a theoretical, maximal deuterium uptake value (maximal deuterium uptake = number of residues -N-terminus -number of proline residues).
Only the low-mass population was considered for peptides displaying bimodal isotopic envelopes. Notably, the more flexible loop regions appeared to exchange faster than individual TM helices.
fig. S3
. Deuterium uptake plots for detergent-solubilized LeuT. Deuterium uptake plots for all identified LeuT peptides are presented. The measured relative deuterium uptake for individual LeuT peptides is plotted against labeling time (i.e., 0.25-60 min). Blue, orange, and green curves illustrate the relative deuterium uptake for detergent-solubilized LeuT in the K + , Na + , and Leu state, respectively. The red colored square at the 60 min time-point indicates the measured relative deuterium uptake for the equilibrium-labeled control sample.
Values represent means of three independent measurements. The corresponding standard deviations are indicated but are in most instances too small to be visible. For peptides displaying EX1 kinetics or signs thereof upon deuteration (marked as 'EX1'), we plotted an intensity-weighted, average deuterium uptake value accounting for both the low-and high-mass population. The HDX-MS data presented in this figure is also partially shown in form of difference charts in Fig. 2A and 2B . fig. S4 . Impact of different leucine concentrations on local HDX rates in LeuT. The average relative deuterium uptake of the Leu50μM state is subtracted from the average value of the Leu1μM state for each peptide that is shown (cf. Supplementary Materials and Methods). These LeuT peptides were identified to be the most sensitive ones to Na + and leucine binding (cf. Fig. 2A and 2B) and they are denoted along the x-axis. Differences be fitted to a low-(blue) and high-mass (red) population. Bimodal deconvolution was accomplished using HX Express 2.0 (solid lines). In some instances, bimodal deconvolution did not result in a qualitatively meaningful fit and the depicted low-and high-mass population (dashed lines) was adjusted manually for visual guidance.
Notably, we observe a time-dependent interconversion of the low-and high-mass population compatible to an EX1 exchange regime.
fig. S6. Sequence coverage map for LeuT reconstituted into phospholipid-containing bilayer nanodiscs.
Offline pepsin proteolysis yielded a total of 21 peptides suitable for local HDX-MS analysis. The identified peptides are depicted as black bars and are aligned with the corresponding LeuT sequence. The peptides cover 30% of the protein sequence. Individual structural motifs in LeuT are indicated above the protein sequence in grey color. Notably, due to the increased sample complexity for nanodisc-embedded LeuT, we could not achieve the same high sequence coverage as for detergent-solubilized LeuT (cf. Fig. 1A ). For each segment, we indicate the number of deuteriums observed to be exchanged in the EX1 regime. The three selected X-ray structures represent a ligand-bound, outward-occluded state (pdb 2A65), an apo inwardopen state (pdb 3TT3), and an apo outward-open return state (pdb 5JAE). We show the RMSD of backbone atoms of each EX1 segment between these X-ray structures after alignment on helical regions, which quantify some of the known large-scale rearrangements in the LeuT functional cycle (cf. fig. S8 ). For each segment, we also show the maximum variation in total number of hydrogen bonds (HBs) involving backbone amide groups between any two structures, as well as the maximum number of these hydrogen bonds that have changed between any two structures (i.e., the acceptor is different, or the hydrogen bond is formed/broken). All the details of the hydrogen bond analysis leading to these numbers can be found in 
